A B S T R A C T Three siblings with intense jaundice and hemolytic anemia at birth were found to excrete a high level of coproporphyrin in their urine and feces; the pattern of fecal porphyrin excretion was atypical for hereditary coproporphyria because the major porphyrin was harderoporphyrin (>60%; normal value is <20%). The lymphocyte coproporphyrinogen III oxidase activity of each patient was 10% of control values, which suggests a homozygous state. Both parents showed only mild abnormalities in porphyrin excretion and lymphocyte coproporphyrinogen III oxidase activity decreased to 50% of normal values, as is expected in heterozygous cases of hereditary coproporphyria. Kinetic parameters of coproporphyrinogen III oxidase from these patients were clearly modified, with a Michaelis constant 15-20-fold higher than normal values when using coproporphyrinogen or harderoporphyrinogen as substrates. Maximal velocity was half the normal value, and we also observed a marked sensitivity to thermal denaturation. The possibility that a mutation affecting the enzyme on the active center which is specifically involved in the second decarboxylation (from harderoporphyrinogen to protoporphyrinogen) was eliminated by experiments on rat liver that showed that coproporphyrinogen and harderoporphyrinogen were metabolized at the same active center. The pattern of porphyrin excretion and the coproporphyrinogen oxidase from the three patients exhibited abnormalities that were different from the abnormalities found in another recently described homozygous case of hereditary coproporphyria. We suggest naming this variant of coproporphyrinogen oxidase defect "harderoporphyria."
INTRODUCTION
Coproporphyrinogen III oxidase (EC 1.3.3.3.) is the enzyme of the heme pathway that catalyzes the sequential decarboxylation of coproporphyrinogen to protoporphyrinogen. The reaction is shown in Fig. 1 : The propionyl groups in position 2 and 4 of coproporphyrinogen are decarboxylated and oxidized to yield the two vinyl groups of protoporphyrinogen. Several lines of evidence imply that the tricarboxylic intermediate is harderoporphyrinogen; the propionyl group on position 2 of coproporphyrinogen is decarboxylated first (1) .
Hereditary coproporphyria (HC)' is a genetic disorder of heme and porphyrin biosynthesis and is inherited as an autosomal dominant disorder clinically resembling two other forms of inherited hepatic porphyria, intermittent acute porphyria and porphyria variegata (2) . This disorder is characterized biochemically by the excretion of large amounts of coproporphyrin III, mainly in feces. Data from several investigations (3) (4) (5) support the idea that coproporphyrinogen III oxidase deficiency (50%) is the primary gene defect in HC. Although it is usually expressed in the heterozygous state, a case of homozygous HC was recently described (6, 7) . The patient in this case was found to excrete very large amounts of coproporphyrin in the urine and feces; lymphocyte coproporphyrinogen III oxidase activity was only 2% of the control level.
This paper describes a previously unreported variant of porphyria that is characterized by the accumulation of harderoporphyrin in feces of homozygous patients. FIGURE 1 Biosynthesis of protoporphyrinogen from coproporphyrinogen III. This stepwise reaction is catalyzed by coproporphyrinogen oxidase. Harderoporphyrinogen is the natural intermediate between copro-and protoporphyrinogen. Isoharderoporphyrinogen (vinyl group on pyrrole B instead of pyrrole A) has not been isolated from tissues synthesizing protoporphyrin IX; however, isoharderoporphyrinogen is a known substrate of coproporphyrinogen oxidase (17) . Me, methyl (-CH3); Pr, propionyl (-CH2-CH2-COOH); V, vinyl (-CH=CH2).
The molecular basis of this disease is shown to be a mutation leading to the presence (at least in lymphocytes) of a coproporphyrinogen III oxidase with modified kinetic properties; this indicates a structural abnormality of the enzyme which is distinct from a case previously described. Table I ; the erythrocyte morphology was normal. Exchange transfusion was immediately performed and followed by phototherapy. Soon afterwards, the baby showed a rash with vesicles and blisters and a diagnosis of pemphigus was considered. A second rash appeared a few days later when the primary blisters were not yet completely healed. At this time, a red discoloration of the urine was observed, and the diagnosis of inherited porphyria was confirmed by the high levels of uro-and coproporphyrin found in the urine (Table  II) . No further biological investigation was done in 1975 on this child. The elder brother, D.M., had presented similar symptoms on the day of his birth. However, like his younger brother, he was sent home with the diagnosis of hemolytic anemia; the cause remains unknown at this time. During the next two years, his hepatosplenomegaly disappeared and a compensating hemolytic process persisted. His growth and development remained normal; neither abnormal cutaneous features nor red discolorations of the urine or teeth were noticed. However, in 1975, when urine porphyrins were studied, a very high level of coproporphyrin was found (Table II) .
METHODS
In 1980, the birth of a girl, A.M., with clinical features similar to those of her two brothers prompted the physicians to send us samples of urine, feces, and blood from the three children for biochemical investigations. After the neonatal period, hepatomegaly disappeared in all patients but slight splenomegaly was still found together with pallor and a persistent hemolytic process ( Lymphocytes were isolated from heparinized blood by centrifugation using the Ficoll-metrizoate mixture (8) . For elimination of possible erythrocyte contamination, lymphocytes were treated with 0.15 M NH4Cl for 15 min at 37°C. After being washed with 0.15 M NaCl, the cells were stored as a pellet at -20°C until required for enzyme assay (usually 24 h). They were then thawed (in 0.15 M NaCI) and frozen twice. After centrifugation, the supernatant was retained for assay (more than 95% of the total enzyme activity was usually found). Protein concentration was estimated by the method of Lowry et al. (9) using bovine serum albumin (BSA) as standard. Rat liver homogenate was prepared as described previously (10) .
Porphyrin data. Urinary, fecal, and erythrocyte porphyrins were determined spectrophotometrically after extraction by the usual methods (11) . Determinations of ALA and porphobilinogen in the urine were done according to the method of Mauzerall and Granick (12) . The concentrations of porphyrins and porphyrin methyl esters were measured by using spectrophotometry (13) ; 180 was used as millimolar extinction coefficient for the harderoporphyrin trimethyl ester (14 (3:1, vol/vol) . The mixture was evaporated under reduced pressure at 45°C and porphyrins were treated overnight with 50 ml of methanol-sulfuric acid (95:5, vol/vol). Porphyrin esters were extracted into chloroform as previously described (15) and an aliquot was then injected into a Perkin-Elmer high pressure liquid chromatograph (model 604, Perkin-Elmer Corp., Norwalk, CT). The column used was a 30 X 0.4 cm (10 Arm) Porasil (Waters Instruments, Inc., Rochester, MN). The chromatogram was recorded at 404 nm using an LC 55 PerkinElmer detector. Peak areas were determined with a computing integrator (icap 5, LTT, Paris, France). Analysis was carried out successively in two different solvent systems at a flow rate of 1.5 ml/mn. The first one (ethylacetate/cyclohexane, 55:45, vol/vol) separated porphyrin esters with 2 to 8 carboxylic groups. The second system of lower polarity (ethylacetate/cyclohexane, 1:3, vol/vol) allowed a better separation of porphyrin esters with 2, 3, and 4 carboxylic groups. The isomeric type of coproporphyrin was determined after hydrolysis of corresponding porphyrin esters (16) (2.5 mCi/mmol) using a human erythrocyte hemolysate as described previously (4, 10) . Tritiated coproporphyrin III and harderoporphyrin were synthesized similarly using 1 mCi of [2,33H]ALA (1.5 mCi/Mmol), except that the incubation was carried out under aerobic conditions. Radioactive harderoporphyrin was isolated by thin-layer chromatography as described for coproporphyrin (10 (20 mCi/mmol) as substrate was described in detail elsewhere (10) . Briefly, [14C] coproporphyrin was reduced with sodium amalgam and incubated for 1 h with the enzymatic preparation ('0.2 to 0.3 mg protein) in a reaction mixture of 0.55 ml containing Tris-HCl, 110 mmol/l; ascorbate, 4.5 mmol/l; albumin, 2.3 mg/ml; and coproporphyrinogen, 1.3-1.6 umol/l. The products formed (protoporphyrin and harderoporphyrin) were isolated by methylation, extraction, and thin-layer chromatography, and then were quantitated by scintillation counting (10) . In all experiments, a blank without enzymes was included.
Kinetic studies. For Michaelis constant (Ki) and maximum velocity (Vmax) determinations, tritiated coproporphyrin and harderoporphyrin were diluted to a specific activity of 100 mCi/mmol; the corresponding cold porphyrin was then reduced to correspond to porphyrinogen with sodium amalgam as already described (4, 10) .
Thermal denaturation. Thermal denaturation was studied by preincubating the enzyme at 50°C in the reaction mixture in the absence of substrate for 15 min. The tube was then cooled in ice and incubated at 37°C for 1 h after addition of radioactive coproporphyrinogen. The activity of the enzyme without thermal denaturation was measured simultaneously.
RESULTS
Overproduction of porphyrins. Stool porphyrin content of the cases 1, 2, and 3 was strongly elevated (Table II) . Analysis by HPLC showed a very peculiar pattern (Fig. 2) , which was identical for the three children, with the prominence of a porphyrin with a retention time that was intermediate between those of coproporphyrin and protoporphyrin. This porphyrin was further identified as "Harderoporphyrin." A small amount of harderoporphyrin was also noted in the feces of the parents. Fecal coproporphyrin from the children was 80% type III. Study of their urine revealed a large amount of coproporphyrin and a trace of harderoporphyrin (Table II and Fig. 2 ). The father had elevated coproporphyrin, uroporphyrin, ALA, and porphobilinogen excretion in his urine, while the mother demonstrated only increased urinary ALA and porphobilinogen (Table II) . Erythrocyte protoporphyrin from the three children was slightly elevated, but no harderoporphyrin could be found by HPLC (data not shown).
Harderoporphyrin ester isolated from feces was identified as follows: (a) HPLC analysis showed that its retention time was identical to that of standard harderoporphyrin methyl ester (Fig. 2) . (b) Its absorption spectrum in chloroform was identical to the spectrum of standard harderoporphyrin methyl ester (peaks at 403, 503, 536, 572, and 624 nm). (c) When harderoporphyrin ester from feces was hydrolyzed, reduced with sodium amalgam to harderoporphyrinogen, and incubated with a rat liver homogenate, complete conversion to protoporphyrin IX occurred (data not shown).
Coproporphyrinogen oxidase activities. Coproporphyrinogen oxidase activities in lymphocytes from patients 1, 2, and 3 were decreased to 10% of the mean control value, whereas both parents had an activity in the range of coproporphyric patients (Table III) . Harderoporphyrin that had formed was also quantitated and the ratio of harderoporphyrin/harderoporphyrin plus protoporphyrin was calculated (Table III) . This ratio was equally increased in all three patients. The proportion of harderoporphyrin synthesized by lymphocytes of both parents was in the normal range.
Kinetic characteristics of coproporphyrinogen oxidase from the patients. Subsequent studies were performed using lysates of pooled lymphocytes from the three children. This was necessary to obtain enough material for further experiments.
The kinetic characteristics of the abnormal enzyme were determined using [3H]coproporphyrinogen and [3H]harderoporphyrinogen as substrates. When coproporphyrinogen was the substrate, the amounts of protoporphyrin and harderoporphyrin formed were estimated: With control cells, the proportion of harderoporphyrin from harderoporphyrin and protoporphyrin formed ranged between 30 and 45%, and the lowest ratios of harderoporphyrin/harderoporphyrin plus protoporphyrin were found at low substrate concentrations (data not shown). In contrast, with lymphocytes from the three patients, the proportion of harderoporphyrin was high (60-70%) and was indepen- dent of coproporphyrinogen concentration. Therefore, the sum of protoporphyrin and harderoporphyrin was used for determination of kinetic parameters. Fig. 3 shows double-reciprocal plots of the rate of products formed as a function of the concentrations of [3H]coproporphyrinogen (Fig. 3 A) and [3H]-harderoporphyrinogen (Fig. 3 B) . With the patients' coproporphyrinogen oxidase, similar abnormalities were found with both substrates (Table IV) With lymphocytes from the parents, studies of the formation of harderoporphyrinogen plus protoporphyrinogen as a function of coproporphyrinogen concentration (Fig. 4) gave results compatible with a biphasic double-reciprocal plot. Intercepts of the lines with the abscissa allowed us to calculate two Km values: the lower one was similar to the Km value of normal subjects while the higher one was almost identical to the value found with children's enzyme.
To provide additional information about the properties of the coproporphyrinogen oxidase from patients, the thermal denaturation was studied at 50°C. Results (Table  V) indicate the greater thermosensitivity of the patients' enzyme. The enzyme in typical coproporphyric patients did not differ from controls.
The thermal inactivation pattern of the parents' enzyme (Table V) also indicated a greater thermosensitivity than normal controls. However, it has to be kept in mind that the parents still have -50% of the normal enzyme, which presumably explains why their coproporphyrinogen oxidase is not as thermosensitive as the children's enzyme.
Evidence for a single site of decarboxylation for coproporphyrinogen oxidase. It For a large range of concentrations of radioactive coproporphyrinogen, the ratio was constant and remained unmodified by addition of cold harderoporphyrinogen to the incubation. These data supported the idea that a fraction of harderoporphyrinogen synthesized from coproporphyrinogen does not leave the active center of coproporphyrinogen oxidase before being decarboxylated to yield protoporphyrinogen (17) . Thus, this fraction is not susceptible to isotopic dilution by adding cold harderoporphyrinogen. Under conditions of low substrate concentrations and with the absence of cold harderoporphyrinogen, the fraction of radioactive harderoporphyrinogen released from coproporphyrinogen oxidase can bind again to the enzyme and be further metabolized into protoporphyrinogen.
DISCUSSION
The three children reported here have a porphyria with a very early clinical onset of hemolysis. The pattern of porphyrin excretion was clearly different from any other previously described case since the major fecal porphyrin was harderoporphyrin while a large amount of coproporphyrin was found in the urine. Assuming a dry weight of feces of 20 g/d with a urinary volume of 0.8 liter, one can compute from Table  II that roughly two-thirds of the total porphyrin excretion per 24 h was harderoporphyrin. For this reason, we propose to name this previously uncharacterized porphyria "Harderoporphyria."
Coproporphyrin is excreted predominantly in urine, whereas harderoporphyrin appears mostly in feces. This difference presumably relates to the lower polar- ity of harderoporphyrin as compared with coproporThe clinical symptomatology was dominated by the phyrin and hence, to its lower water solubility and very early onset of hemolytic anemia which improved limited presence in urinary excretion.
during the first year and is mild at the present time. In patient 1, although no relapse of photosensitivity was noted, phototherapy for hyperbilirubinemia induced a bullous eruption. Cutaneous manifestations are commonly seen in different types of porphyria, except acute intermittent porphyria (2), and they are thought to be related to porphyrin-mediated phototoxicity at the skin level (19) . Such a mechanism may explain the photosensitivity induced by phototherapy. In contrast, the relationship between the anemia and the biological abnormalities reported here was unclear.
Hemolytic anemia sometimes occurs in congenital erythropoietic porphyria (2) and it has also been reported in a few cases of erythrohepatic porphyria (20) . In those cases, anemia is presumably related to the high porphyrin content of erythrocytes. In the present cases, only a moderate increase of erythrocyte protoporphyrin level was noted; however, measurement was done when the anemia was mild and a high erythrocyte porphyrin level at birth remains a possibility. However, no harderoporphyrin was found in children's or their parents' erythrocytes. Enzymatic studies of coproporphyrinogen oxidase in lymphocytes from these patients clearly revealed modified kinetic parameters and a marked sensitivity to thermal denaturation. The very low activity measured with our standard assay (Table III) was mainly attributed to a highly increased Km of the enzyme for coproporphyrinogen; the standard concentration of the substrate (f1.4 ,umol) that was used was obviously much too low to obtain the Vmax of the abnormal enzyme. These findings strongly suggest that no detectable normal enzyme was present in lymphocytes from these patients. Studies of the Km and the thermosensitivity of coproporphyrinogen oxidase in lymphocytes from the parents suggest that their intermediate coproporphyrinogen oxidase activity results from a mixture of normal and abnormal enzymes. The most probable interpretation is that the three children studied were homozygous for a gene coding for a structurally modified coproporphyrinogen oxidase, while their parents are both heterozygotes for the same defect.
Although the mutant enzyme was only assayed in lymphocyte lysates, it is likely that the defect is not restricted to those cells, but is also present in other tissues, as demonstrated in other types of porphyria (2) .
The large overproduction of porphyrins is in agreement with the commonly held idea that an enzymatic defect along the heme pathway leads to derepression of the first and rate-limiting enzyme, ALA-synthetase, in the liver (21) and possibly in some other organs (22) . The derepression of the first enzyme is followed by an increased synthesis of intermediate substrates of the metabolic pathway, which are lost by the cell as their intracellular concentration increases (23 phyrinogen. In addition, coproporphyrin III, a competitive inhibitor of coproporphyrinogen decarboxylation (Fig. 5) , equally affects the decarboxylation of harderoporphyrinogen. When considered together, these results confirm the hypothesis that only one active site exists for the two decarboxylations catalyzed by coproporphyrinogen oxidase. Moreover, the data presented in Fig. 6 are in agreement with the idea that during the sequential decarboxylation of coproporphyrinogen to protoporphyrinogen, most of the intermediate harderoporphyrinogen stays on the enzyme surface before being decarboxylated. Consistent with this hypothesis, coproporphyrinogen oxidase from harderoporphyric patients had a similarly increased Km for both substrates: coproporphyrinogen and harderoporphyrinogen (Table IV) . Due to the reduced affinity of the abnormal coproporphyrinogen oxidase, harderoporphyrinogen may leave the enzyme surface more easily and this may account for its accumulation in patients. We previously described a homozygous case of coproporphyria with a very low activity of coproporphyrinogen oxidase. This patient excreted almost only coproporphyrin (6) . In contrast to the cases reported here, residual coproporphyrinogen oxidase had an apparently normal Km for coproporphyrinogen and normal thermosensitivity (data not shown). It seems therefore logical to attribute the different porphyrin excretion pattern in the present patients to a different coproporphyrinogen oxidase abnormality.
The parents of the harderoporphyric patients were clinically asymptomatic, although they showed slightly abnormal porphyrin excretion in urine and a decreased activity of coproporphyrinogen oxidase in their lymphocytes. These biological features are identical to those usually encountered in subjects with clinically latent coproporphyria (4) . Therefore, it is attractive to speculate that our patients with harderoporphyria may be homozygous for a gene that causes hereditary coproporphyria in some families. This hypothesis would imply a genetic heterogeneity in coproporphyria because, in the homozygous case previously reported (6), porphyrin excretions as well as properties of the defective enzyme were clearly different. Alternatively, harderoporphyria may be due to a mutation never encountered previously.
